1. Introduction {#s0005}
===============

Tangier disease (TD), a rare autosomal recessive disorder, is characterized by the near absence of plasma high-density lipoprotein (HDL), elevated triglyceride (TG) levels and sterol deposition in tissue macrophages ([@bb0045]). TD is caused by mutations in the *ABCA1* gene ([@bb0090]), which encodes the integral membrane protein ATP-binding cassette transporter A1 (ABCA1). ABCA1 facilitates transport of cellular free cholesterol (FC) and phospholipids (PL) to lipid-poor apolipoprotein A-I (apoA-I). Studies with murine models have demonstrated the pivotal role of hepatic ABCA1 in promoting nascent HDL formation and maintaining normal plasma HDL levels ([@bb0010], [@bb0130]). However, primary hepatocytes from TD patients have never been investigated and thus the intrinsic functional effects of the loss of human hepatocyte ABCA1 have yet to be established.

Reprogramming differentiated somatic cells to induced pluripotent stem cells (iPSCs) enables re-differentiation to a wide array of cell types ([@bb0145]) and is of considerable value for disease modeling, functional genomics, drug discovery, and regenerative medicine. The Next Generation Genetic Association Studies consortium was developed to exploit the power of iPSC-derived cells for gaining insight into the functional implications of human genetic variation, and has generated iPSCs from thousands of patients with defined genetic variations (<http://www.wicell.org/home/stem-cell-lines/collections/collections.cmsx>). The liver plays a crucial role in many physiological processes, including lipid and lipoprotein metabolism and the differentiation of human iPSCs to hepatocyte-like cells (HLCs) provides a model system to study hepatocyte-specific functions of human disease and gain mechanistic insights.

In the current study, iPSCs from TD and matched control subjects were generated and differentiated into HLCs. The TD HLCs were shown to have severely impaired cholesterol efflux and nascent HDL formation, as well as increased TG secretion. Gene expression analysis of TD and control HLCs revealed an increase in *ANGPTL3* expression, confirmed by assay of this protein in the media and plasma. These results illustrate the utility of iPSC-derived HLCs in disease modeling, highlight the importance of human hepatic ABCA1 in both HDL and TG metabolism, and show that ABCA1 deficiency results in upregulation of *ANGPTL3*, which is known to influence HDL and TG metabolism.

2. Materials and Methods {#s0010}
========================

All human protocols for the study were approved by the University of Pennsylvania Human Subjects Research Institutional Review Board. The participants provided their informed written consent for the study. The study was conducted according to standards indicated by the Declaration of Helsinki.

2.1. Flow Cytometry Analysis of Pluripotency Markers {#s0015}
----------------------------------------------------

iPSCs were detached and dissociated into single cells with Accutase Enzyme Cell Detachment Medium (Innovative Cell Technologies) and gentle pipetting. Cells were then stained with Alexa Fluor 647-SSEA4 (Biolegend 330408), PE-Tra-1-60 (BD Bioscience 560193) or corresponding isotype controls (Biolegend 401321 and BD Bioscience 555584) for cell surface expression analysis by Flow Cytometry using BD FACSCalibur (BD Biosciences, San Jose, CA).

2.2. Karyotypic Analysis of iPSCs {#s0020}
---------------------------------

iPSCs were cultured in T25 flasks and live cultures were sent to WiCell Cytogenetics Lab (Madison, WI) for cytogenetic analysis using G-banded Karyotyping. An average of 20 cells per cell line was analyzed for chromosome integrity.

2.3. Generation of Subject-Specific iPSCs {#s0025}
-----------------------------------------

Subject-specific PBMC-derived iPSCs were generated using Sendai viral vectors by the iPSC Core Facility at the University of Pennsylvania as previously described ([@bb0150], [@bb0155]). These cells lines have been deposited at WiCell Research Institute.

2.4. Differentiation of iPSCs to Hepatocytes {#s0030}
--------------------------------------------

HLCs were generated from iPSCs using standard protocols as reported ([@bb0075], [@bb0110]).

2.5. Lipid Efflux {#s0035}
-----------------

Lipid efflux assays were performed as previously described ([@bb0070]). Twenty days after differentiation, HLCs were radiolabeled, with 0.12 μCi/ml ^14^C-cholesterol and 1.3 μCi/ml ^3^H-choline or with 0.12 μCi/ml ^14^C-cholesterol only (PerkinElmer, Waltham, MA, USA) in the presence of T0901317 (10 μM, Sigma-Aldrich T2320) for 24 h. Cells were then washed twice and incubated in fresh medium with or without exogenous human apoA-I (20 μg/ml) for 6 h. At the end of incubation, cell medium was collected and filtered through a 96-well filter plate (EMD Millipore) to remove cell debris. ApoB-containing lipoprotein was precipitated using phosphotungstate. Remaining HDL-containing medium underwent lipid extraction by Bligh-Dyer method. Cellular lipids were extracted with hexane-isopropanol (3:2, *v*/v) and the solvent was then evaporated for scintillation counting. The percentage of cholesterol export was calculated by dividing the ^14^C counts in the medium by the sum of counts in the medium and cells and multiplying by 100.

2.6. Nascent HDL formation {#s0040}
--------------------------

Nascent HDL formation and gel-filtration chromatography analysis of nascent HDL were performed as previously described ([@bb0070]). Briefly, HLCs were dual radiolabeled with 1.3 μCi/ml ^3^H-choline and 0.12 μCi/ml ^14^C-cholesterol (PerkinElmer, Waltham, MA, USA) in the presence of 10 μM T0901317 (Sigma-Aldrich T2320) for 24 h. After two washes, efflux medium with or without human apoAI (20 μg/ml) were added to cells for a 6-hour incubation. Cell medium was collected, filtered through a 0.45 μm PVDF membrane filter unit (EMD Millipore), and concentrated using Amicon Ultracel-10 K centrifugal filters (EMD Millipore). A 1-ml aliquot of the concentrated cell medium was resolved into 1-ml fractions on a calibrated HiLoad 16/60 Superdex 200 gel-filtration column (GE Healthcare, Mickleton, NJ, USA). ^3^H and ^14^C counts in each fraction were determined by scintillation counting. Results were presented as counts per fraction for regions containing HDLs (fraction 45--90).

2.7. TG Secretion {#s0045}
-----------------

HLCs were preloaded with oleic acid (1.5 mM) in the presence of ^3^H-glycerol (5 μCi/ml) for 6 h. Culture media samples were collected for low speed spin to remove cell debris. Supernatant from the spin was harvested. An aliquot of media was used for lipid extraction by Bligh-Dyer method while another portion was used for albumin quantification using ELISA (BETHYL Laboratories E88--129). Cellular lipids were extracted with isopropanol, after which 0.1 N NaOH was added to collect cell lysates. Lipid extracts from medium and cells were used for thin layer chromatography and scintillation counting. Lowry protein assay was performed to measure cellular protein contents. ^3^H-TG counts in cells and medium were normalized to medium albumin mass to determine TG secretion ([@bb0030]).

2.8. Microarray Data Analysis {#s0050}
-----------------------------

Microarray was performed using Affymetrix Human Gene 2.0 ST Array. Genes with a false discovery rate (FDR) of \< 5% and a fold change (FC) \> 1.5 were considered differentially expressed. Heat maps illustrating expression patterns of genes were generated using pheatmap package in R. Results have been deposited at GEO ([GSE95482](ncbi-geo:GSE95482){#ir0010}).

2.9. ELISA {#s0055}
----------

Albumin (BETHYL Laboratories, Inc.) in the cell culture medium, ANGPTL3 (R&D DANL30) concentrations in the cell culture medium and plasma were determined using commercial kits.

2.10. Statistical Analysis {#s0060}
--------------------------

Values are shown as mean ± standard error of the mean. Data were analyzed using two-tailed unpaired Student\'s *t*-test (Graphpad Prism 7). A p value \< 0.05 was considered statistically significant.

3. Results {#s0065}
==========

3.1. Generation of Subject-Specific iPSCs and Differentiation into HLCs {#s0070}
-----------------------------------------------------------------------

Two TD patients, one homozygous for the E1005X nonsense mutation (TD-1) and one compound heterozygote at S2046R/K531N (TD-2), together with ethnicity, gender, and age-matched control healthy subjects (control-1 and control-2 respectively) were recruited for the study ([@bb0155]). The extremely low plasma HDL cholesterol of patients is characteristic of TD. E1005X homozygote (TD-1) also exhibits hypertriglyceridemia (Table S1). The mutations of ABCA1 cause synthesis of proteins that are unable to mediate cholesterol export from macrophages ([@bb0155]). Peripheral blood mononuclear cells (PBMC) from the TD and control subjects were used to generate iPSCs following a standard protocol ([@bb0150], [@bb0155]), with multiple clones established for each condition (Table S2). These iPSCs expressed typical pluripotency surface markers, such as Tra-1-60 and SSEA-4 (Fig. S1A), and all clones maintained a normal karyotype (Fig. S1B).

To investigate the effects of ABCA1 deficiency on hepatic lipid metabolism, TD and control iPSCs were differentiated into HLCs using a standard procedure ([@bb0075], [@bb0110]). TD and control HLCs stained positively for the hepatocyte markers α-fetoprotein (AFP) and HNF4α after twenty days of differentiation (Fig. S2A). Similar expression of hepatocyte markers including *AFP*, *ALB*, *TF* and *ASGR1* was also confirmed at the transcript level by real time-PCR analysis (Fig. S2B). In addition, albumin secretion from TD and control HLCs was comparable (Fig. S2C). Together, these results show efficient differentiation of both control and TD iPSCs to hepatocytes.

3.2. Impaired Cholesterol Efflux in TD and Control HLCs {#s0075}
-------------------------------------------------------

The essential role of ABCA1 in mediating FC and PL efflux to apoA-I has been well-documented in a variety of *in vitro* and *ex vivo* cell culture systems ([@bb0040], [@bb0090], [@bb0130], [@bb0050]). However, owing to inaccessibility of human TD liver tissue, the impact of ABCA1 deficiency on lipid efflux from human primary hepatocytes has not been described. To remedy this, we first studied cholesterol efflux from TD-1 and control-1 HLCs (3 clones each). TD-1 and control-1 HLCs secreted comparable amounts of apoA-I (\~ 1 μg/well, data not shown), the main acceptor of ABCA1-mediated lipid efflux and a major component of the HDL particle ([@bb0090]). Control, but not TD, HLCs exhibited robust cholesterol efflux, likely to endogenous apoAI ([Fig. 1](#f0005){ref-type="fig"}A). Addition of exogenous human apoA-I (20 μg/ml) stimulated cholesterol efflux from control HLCs, increasing it by \~ 60% over the endogenous level. The response of TD HLCs to exogenous apoA-I was negligible ([Fig. 1](#f0005){ref-type="fig"}B). Similarly, cholesterol and phospholipid efflux to exogenous apoA-I from TD-2 HLCs was severely impaired, compared to control-2 HLCs (Fig. S3). These results demonstrate significantly impaired lipid efflux from human hepatocytes deficient in ABCA1.

3.3. Lack of Nascent HDL Formation in TD HLCs {#s0080}
---------------------------------------------

To further assess nascent HDL formation, TD and control HLCs were radiolabeled with ^14^C-cholesterol and ^3^H-choline and incubated with apoA-I-free or apoA-I-containing medium. Cell medium was collected and resolved on a gel filtration column by size. Control HLCs formed cholesterol and choline-phospholipid particles that eluted in two size species: the larger-sized (10.6 nm) species predominated over the smaller-sized species (6.7 nm) in terms of lipid mass ([Fig. 2](#f0010){ref-type="fig"}A--B). Exogenous apoA-I increased formation of both species, but had no effect on the species sizes or relative amounts ([Fig. 2](#f0010){ref-type="fig"}C--D). This two-species elution pattern is typical of nascent HDL formed by human hepatoma cells HepG2 and other ABCA1-expressing cells ([@bb0070]), indicating that control HLCs formed *bona fide* HDL. TD HLCs failed to form nascent HDL particles regardless of whether or not exogenous apoAI was added ([Fig. 2](#f0010){ref-type="fig"}A--D). These observations show complete loss of nascent HDL formation as a result of human hepatocyte ABCA1 deficiency.

3.4. Increased TG Secretion from TD HLCs {#s0085}
----------------------------------------

Beyond HDL deficiency, TD subjects often exhibit significantly elevated fasting or postprandial TG levels ([@bb0060]). Previous *in vitro* studies and *in vivo* work with hepatocyte-specific ABCA1 knockout mice have suggested that increased secretion of very low density lipoprotein (VLDL)-TG may be responsible for the elevated TG levels in TD ([@bb0030], [@bb0035]). We used HLCs to test whether human hepatic ABCA1 affects TG secretion. Cells were concurrently incubated for 6 h with oleic acid to stimulate neutral lipid secretion and ^3^H-glycerol to radiolabel newly synthesized TG. When medium ^3^H-TG counts were normalized to albumin mass, TD HLCs secreted significantly more TG than control HLCs ([Fig. 3](#f0015){ref-type="fig"}A). TD HLCs also secreted more ^3^H-TG as percent of the total synthesized ^3^H-TG ([Fig. 3](#f0015){ref-type="fig"}B). The results did not change when ^3^H-TG counts were normalized to total cellular protein (data not shown). These observations suggest enhanced hepatic TG secretion in the absence of HDL formation.

3.5. Transcriptomic Profiling of HLCs and Validation of ANGPTL3 {#s0090}
---------------------------------------------------------------

To explore transcriptional effects of human hepatic ABCA1 deficiency, we performed microarray analysis to compare transcriptome profiles of TD-1 and control-1 HLCs. There was significant overlap in gene expression between TD and control HLCs (n = 3 for each; Pearson r = 0.9954; [Fig. 4](#f0020){ref-type="fig"}A). A total of 80 genes were expressed differentially (false discovery rate \< 5%, fold change \> 1.5). Among the differentially expressed genes, 37 were expressed at higher levels in TD HLCs, whereas 43 had higher expression in control HLCs. It is important to note that key hepatocyte markers such as *AFP*, *ALB*, *HNF4A* and *APOB* were not among the differentially expressed genes. Hepatocyte markers were strongly expressed in both control and TD HLCs. In contrast to highly expressed hepatic markers, expression of pluripotency genes, including *SOX2* and *NANOG,* was markedly low, suggesting efficient transition of iPSCs to HLCs ([Fig. 4](#f0020){ref-type="fig"}B). The 80 differentially expressed genes were compared to genes in multiple Gene Ontology (GO) lipid terms, such as lipoprotein metabolic process and high-density lipoprotein particle, to identify lipid-related genes. A small set of 5 genes was significantly different between TD and control HLCs ([Fig. 4](#f0020){ref-type="fig"}C). Expression of *ANGPTL3, APOM and PNLIPRP2* was highly increased, while *SLC44A5* and *THNSL2* expression was significantly decreased in TD relative to control HLCs ([Fig. 4](#f0020){ref-type="fig"}C). ANGPTL3 is predominantly produced in the liver and is a potent regulator of lipoprotein lipase (LPL) activity and plasma triglyceride clearance ([@bb0095]). Gene expression analysis confirmed pronouncedly induced *ANGPTL3* expression in TD HLCs ([Fig. 4](#f0020){ref-type="fig"}D), which translated to significantly increased secretion of angiopoietin-like protein 3 (ANGPTL3) ([Fig. 4](#f0020){ref-type="fig"}E). To determine the *in vivo* effect of ABCA1 deficiency on ANGPTL3 secretion, plasma samples from a TD cohort and a matched (normal HDL-C) male control subject group were tested for ANGPTL3 by ELISA. Interestingly, a significant 48% increase (156.6 ± 8.525 ng/ml in TD *vs.* 105.7 ± 6.209 ng/ml in controls) in plasma ANGPTL3 level was observed in TD relative to control subjects ([Fig. 4](#f0020){ref-type="fig"}F). Thus, loss of hepatic ABCA1 affects not only TG secretion, but also potentially TG clearance by way of elevated *ANGPTL3* expression and secretion.

4. Discussion {#s0095}
=============

Our understanding of human hepatocyte ABCA1 deficiency is limited because of unavailability of primary cells for cellular and molecular studies. Subject-specific iPSCs can serve as a renewable source of human primary cells to study molecular processes underlying the pathogenesis of complex diseases. In the present work, we generated iPSC-derived HLCs from Tangier disease patients and matched control subjects to investigate the functional effects of human hepatic ABCA1 deficiency. IPSC-derived macrophages from TD patients exhibited the hallmark defect in cholesterol efflux ([@bb0155]). TD HLCs failed to mediate cholesterol and PL efflux to lipid-free apoA-I or produce nascent HDL particles. Interestingly, TD HLCs displayed increased TG secretion together with increased *ANGPTL3* expression and secretion, consistent with the increased plasma ANGPTL3 and elevated plasma TG levels seen in TD patients.

The critical role of hepatic ABCA1 in maintaining plasma HDL has been established in the hepatocyte-specific ABCA1 knockout (HSKO) mice ([@bb0130]). However, primary hepatocytes from patients with rare genetic disorders are typically not available. As a result, the functional significance of human hepatic ABCA1 deficiency has remained unexplored. iPSC-derived HLCs allowed us to directly test the canonical function of human hepatocyte ABCA1. Control HLCs in the presence or absence of exogenous apoA-I produced HDL particles that eluted in the typical two-size species pattern. TD HLCs, however, were not able to mediate lipid efflux for nascent HDL formation. These observations emphasize the essential role of hepatic ABCA1 in human HDL biogenesis.

Besides severe HDL deficiency, most TD patients have increased fasting or postprandial TG at variable levels ([@bb0060], [@bb0065]). The inverse association between plasma TG and HDL also exists in ABCA1 heterozygous subjects ([@bb0040]). Increased hepatic VLDL-TG secretion and delayed clearance of TG owing to decreased LPL activity have been suggested as two mechanisms responsible for elevated TG in TD subjects. Support for the first mechanism has come from a series of studies in McA cells and HSKO mice that have demonstrated increased VLDL-TG secretion in a PI3 kinase-dependent manner when ABCA1 was silenced or deleted ([@bb0030], [@bb0035]). The findings of the present study provide evidence for a similar mechanism linking ABCA1 expression and plasma TG levels in human hepatocytes. Secretion of newly synthesized TG from TD HLCs was significantly increased relative to control cells. Increased TG secretion in TD HLCs may be secondary to the loss of nascent HDL formation, and may be mediated by PI3 kinase, as proposed by Liu et al. ([@bb0065]).

LPL is the rate-limiting enzyme in hydrolysis of TG in TG-rich lipoproteins, and LPL activity is inversely correlated with plasma TG levels ([@bb0105]). Support for the second mechanism linking ABCA1 and plasma TG rests on the observations that TD subjects exhibit decreased LPL activity ([@bb0005], [@bb0045], [@bb0055], [@bb0135]) and delayed clearance of postprandial lipid ([@bb0060]). Post-heparin LPL activity is also reduced in HSKO compared to WT mice, resulting in delayed clearance of postprandial TG ([@bb0035]). The observations in TD patients and HSKO mice regarding LPL activity raise the question as to how the loss of ABCA1 in liver leads to a decrease in LPL activity. Here, we identified ANGPTL3 as a potential mediating factor between ABCA1 and TG levels. TD HLCs displayed elevated *ANGPTL3* expression and a \~ 10 fold increase in ANGPTL3 protein secretion. More importantly, male TD patients, including the two recruited to the current study, exhibited significantly increased plasma ANGPTL3 ([Fig. 4](#f0020){ref-type="fig"}F) and TG levels (M. Cuchel, unpublished observation). ANGPTL3 is a hepatokine that inhibits LPL activity. In agreement with its known TG regulatory effect, circulating ANGPTL3 positively correlates with TG levels in a larger cohort of TD patients and matched controls (M. Cuchel, unpublished observation). Inactivation of ANGPTL3 in mice has been recently shown to reduce VLDL-TG secretion ([@bb0125], [@bb0140]), which is thought to be a result of reduced free fatty acid supply to the liver. Therefore, the increased *ANGPTL3* expression in TD hepatocytes may result in efficient secretion of ANGPTL3, confer enhanced LPL inhibition and delay TG clearance *in vivo*, contributing to hypertriglyceridemia in TD patients. Overall, our data are compatible with a model of increased secretion, reduced lipolysis and delayed clearance of TG as the underlying mechanisms of hypertriglyceridemia in TD patients.

The increased *ANGPTL3* expression and secretion with ABCA1 deficiency is intriguing. *ANGPTL3* is a target gene of liver X receptors (LXR) ([@bb0120]). HSKO mice fed with chow diet do not have altered liver lipids or evidence of LXR activation, but have phenotypes of early insulin resistance, including defective PI3 kinase activation ([@bb0035]). Insulin signaling has been implicated as a negative regulator of *ANGPTL3* mRNA in HepG2 cells, immortalized human hepatocytes and *in vivo* in human livers ([@bb0085], [@bb0100]). The possibility of attenuated hepatic insulin signaling under conditions of ABCA1 deficiency in *ANGPTL3* regulation will need to be explored in future studies. Regardless of the mechanism, ANGPTL3 as a potential mediator of altered TG metabolism in TD is an exciting finding that also has significant clinical implications.

The global transcriptional profile of ABCA1-deficient human hepatocytes has never been examined. In this study, we performed microarray analysis with TD and control HLCs. As exemplified by *ANGPTL3*, we gained insights into transcriptional changes in human hepatic ABCA1 deficiency. Of note, some genes of immune response pathways were differentially expressed, including *HLA-A* and *HLA-C*, members of the human leukocyte antigen family. The *HLA* gene complex encodes the human proteins of the major histocompatibility complex (MHC), which is important for presenting processed peptide antigens ([@bb0025], [@bb0080]). It is of interest to know whether these changes represent another link between ABCA1 and immune responses, considering the increasingly appreciated relationship between ABCA1 and inflammation, lipid-regulatory effects dependent or not ([@bb0015], [@bb0020], [@bb0115]). The HLCs system enables future explorations using unbiased strategies to enhance our understanding of the functions of human hepatic ABCA1.

In conclusion, we have shown that human HLCs deficient in ABCA1 lack the ability to form nascent HDL, secrete elevated levels of VLDL-TG and express and secrete increased amounts of ANGPTL3, an inhibitor of LPL activity. These findings illuminate the mechanisms of the inverse association between HDL cholesterol and TG in plasma. Our work also illustrates the power of HLCs to answer intractable questions regarding lipid metabolism in a manner that is immediately relevant to human physiology.
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![Impaired cholesterol efflux in TD HLCs.\
(A) Cholesterol efflux in the absence of exogenous apoA-I was compared between control-1 and TD-1 HLCs. All samples from the 3 clones of each group were compared. n = 9, \* denotes p \< 0.05. (B) Cholesterol efflux without (white bar) or with (black bar) addition of exogenous apoA-I (20 μg/ml) was compared for each group. n = 3, \* denotes p \< 0.05. Values are shown as mean ± SEM.](gr1){#f0005}

![Lack of nascent HDL formation in TD HLCs.\
(A and B) Gel-filtration chromatography profiles of nascent HDL formed in the absence of exogenous apoA-I based on ^3^H-choline-PL (A) and ^14^C-cholesterol (B) counts. (C and D) Gel-filtration chromatography profiles of nascent HDL formed in the presence of 20 μg/ml exogenous apoA-I based on ^3^H-choline-PL (C) and ^14^C-cholesterol (D) counts across fractions.](gr2){#f0010}

![Elevated TG secretion in TD *vs.* control HLCs.\
(A) Newly synthesized TG that was secreted into medium. Medium ^3^H-TG counts were normalized to media albumin mass. Data is presented as cpm ^3^H-TG/μg secreted albumin. (B) Percent of newly synthesized TG secretion. The percentage of TG secretion was calculated by dividing ^3^H-TG in the medium by the sum of counts in the medium and cells and multiplying by 100. All samples from the 3 clones of each group were compared. Values are shown as mean ± SEM. n = 8--9, \* denotes p \< 0.05.](gr3){#f0015}

![Transcriptome profiles of HLCs and validation of ANGPTL3.\
(A) The overlap of genes expressed in TD-1 and control-1 HLCs was evaluated by Pearson Correlation Coefficient. (B) Heat map of pluripotency and hepatic markers between groups. (C) Heat map of differentially expressed lipid-related genes according to Gene Ontology lipid terms. (D) Expression of *ANGPTL3* measured by RT-PCR. (E) Culture medium ANGPTL3 protein concentrations determined by ELISA. (F) Plasma ANGPTL3 levels were measured by ELISA. Values are shown as mean ± SEM. n = 9 for RT-PCR analysis. n = 3 for culture medium ELISA. n = 4--19 for plasma ANGPTL3 ELISA. \* denotes p \< 0.05.](gr4){#f0020}
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